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At high secondary mass flow rate, the two streams of the

ejector retain their individuality, requiring calculation

of the pri_nary jet by the method of characteristics _ondof

the secondary stream by the hypothesis of a one-dimensional

flow. A corrective term is derived for taking the mass flow,

entrained by viscous mixing _long the nonisobaric interface

of the two streams, into consideration. Performance curves,

calculation schemes, and flow patterns are given for angular

criteria of re-attachment of flow, boundary-layer effects,

momentum, pressure distribution along the divergent section,

and e_trainment effects due to mixing.
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NASA TT F-9870

PRESENT POSSIBILITIES FOR A THEORETICAL STUDY *_
OF A SUPEP_ONIC EJECTOR NOZZLE

Jean-_rie Hardy and Jean Delery

js--9 7
A brief review is given over the methods used in computing

supersonic ejector nozzles with low and high secondary mass

flow rates. Empirical data are given for demonstrating the

excellent agreement for cases in which the fluid used for the

primary and secondary streams is air at ambient temperature.

Fc,_the case of a real air exit (variable ¥ and temperature),

a critical review over the theory demonstrates that the in-

fluence of these factors is taken into eonsid_ratioil in cases

of high mass flow rate. __

i. Introduction

The design and construction of supersonic transports requires a thorough

study of the propulsion unit.

The great variety of flight regimes, encountered during a given mission,

raises difficult adaptation problems for the constituent elements of the unit,

namely, air intake, turbojet engine, and ejector nozzle.

Specifically, the design of such an ejector involves a highly complex in-

ternal aerodynamics problem. The nozzle is subject to widely differing operating

conditions, with the expansion rate varying from 2 on takeoff and landing to

values between 15 and 20 at _upersonic cruising. In addition, modern turboma-

chines require an accurate regulation of their air throughput.

* Numbers in the margin indicate pagination in the original foreign text.
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These x_equieements can be satisfied by a nozzSe with variable throat cross

section and divergence angle. However, the resultant tec_1ologica3 complication

makes this approach to the problem difficult to realize at the present state of

the art.

Therefore, nozzles with multiple streams are preferred at present, in _thfch

the adaptation to the various operating regimes is obtained by aerodynamic

means.

This solution increases the technological sLmplic_ty and, without a notice-

able increase in external drag, has the advantage of permitting the removal of

air discharges at low base pressure, coming from boundary-layer bleeds of the

_ir _u'_ke, from cooling circuits, and possibly from the mass flows of a "by-

pass" of the airscoop.

Pigure 1 gives a schematic sketch of the arrangement of a double-stream

nozzle. This ejector comprises _ sonic throat of variable cross section A@,

bhrou_b which emerges the primary stream whose base pressure and temperature are

high. This flux expands in a divergent portion whose minimum cross section A

is greater than Ac, entraining the secondary stream whose base pressure and tem-

perature levels are much lower than those of the main flow.

A determination of the performance of thrust and discharge of such a device,

whose operating principle is similar to that of a supersonic ejector, is made

highly complex by the large number of parameters involved. For this reason, an

optimum solution will require numerous and costly experiments and tests.

Therefore, it is of considerable interest to develop calculation methods

for predicting the performance of an ejector of this type with sufficient accu-

racy to reduce the developmental tests to a minimum.

The work done during the past years, in France as well as in the United

2
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States, has considerably advanced the theory of supersonic ejectors. Because

of the data acquired in this manner, the ONERA (National Aerospace Research and

Development Administration) and the SNECMA (National Company of Research and

Construction of Aircraft Engines), -_.rking in close collaboration, have developed

computation methods that, in a satisfactory manner, permit predicting the per-

formance of a given e.iector over the entire ex*_ent of its operating domain. /3

These methods are programed on large electronic computers of the IBM 70_ and

IBM 7040 type, and are now in the course of exploitation.

After a brief description of the phenomena of the internal aerodynamics of

an ejector, we will discuss first the case of weak and then of strong secondary

streams. These two variants correspond to distinct flow patterns and thus re-

q1_iredifferent computational methods, whose appL,icabtlity will be discussed on

the basis of a comparison with empirical data.

2. PhenomenoloK_; Various Operatin_ Re_imes of an Ejector

In a cruising flight, two different types of operation may be encountered,

corresponding to distinctly differing primary and secondary flow patterns.

If the mass flow of the secondary stream is weak or zero, the primary stream

will expand, at the exit from the ejector nozzle, in the form of an isobaric

free jet. This jet becomes re-attached to the wall of the divergent section of

the return, undergoing a rapid recompression which leads to a focalization

shock or Mach wave (see Fig.2).

The secondary injection cavity or sink encloses a region of low-velocity

fluid at constant pressure, known as "dead water". Along the interface, sepa-

rating this dead-water zone from the supersonic Jet, the turbulent viscosity

phenomenon results in the development of a mixing zone_ which is the site of

3
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energy and mass exchanges that permit the primary stream, by viscous entrain-

ment, to remove a certain amount of secondary mass flow.

The pressure distribution over the wall of the divergent section (see

Fig.2) is characterized by an isobaric zone followed by a rapid recompression

in the region of re-attachment of the primary jet. Downstream of this region,

the pressure evolution corresponds to the expansion of the flow, re-attached

aSong the divergent section.

If the secondary mass flow is large, the two streams will retain their in-

dividuality and remain separate on either side of a fluid botu_dary along which

a nonisobaric mixing layer develops (see Fig.3).

The secondary stream, injected at low velocity, is progressively acceler-

ated in the convergent interval which is established along the fluid boundary

and the wall of the divergent interval. For a sufficiently elevated injection

pressure., sonic velocity is reached in the minimum passage cross section avail-

able to the secondary stream.

The pressure distribution along the wall of the divergent section now pre-

sents a continuously increasing slope, analogous to that observed in the classi-

cal divergent nozzle (see Fig.3).

Each of these two operating regimes corresponds to a specific computation

method which will be discussed below for either of the two cases.

3. Nozzle Perfornmnce Calculatiou for Low Secondary Mass_low P@.te

The calculation of the ejection performance, in the case of low secondary

mass flow rates, is based on the results of theoretical work concerning the

problem of turbulent re-attachment of flow. This includes work done in the

United States by H.H.Korst (Bibl.1) and in France at the C_ERA by P.Carri_re

&
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and M.Sirieix (Bibl.2, 3).

First, we will briefly review the basic points of the theory of turbulent

re-attachment of flow, described in the report_ by Lhe above authors.

3.1 Theory of Turbulent Re-Attachment

This theory, which was originally established for a uniform supersonic

two-dimensional flow, can be extended also to nonuniform flows if the thickness

of the nJ_Yingzone is small relative to the length of the isobaric boundary of

the primary jet.

In this case, the conditions prevailing at the boundary of the viscous

zone are related to those established at the isobaric limit cf the jet assumed

to be nonviscous.

The theory of re-attachment, in the form in which it is presented else-

where (Bibl.2), postulates the existence of a functional relation between the

deviation _ suffered by the flow at the level of re-attachment and the condi-

tions characterizingthe state of the flow directly upstream of the recompres-

sion zone, along the streamline osculating the point of re-attachment and known

as border line.

This relation which is denoted as the angular re-attac1_mentcriterion, has

theform "I_r=I_(M_, _)

where M_ is the Mmch number at the isobaric boundary of the jet, while pie is

the base pressure along the border line.

To determine the oonditions on the bo_er line, the theory of turbulent

mixing is used. This theory indicates that, in the absence of an initial

boundary layer, the velocity profiles throughout the mixing zone exhibit the

5
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property of similitude. Making use of the reduced variable _ = o -_-, where a

is a mixing parameteradd y and s are intrinsic coordinates of the moving point,

the velocity profiles can be approximately represented by the function

The profiles are staggered in accordance with y, relative to the boundary

of the noI,viscousflow, in such a manner that, at each abscissa, the law of the

conservationof momentum is obeyed.

The border line (see Fig.i) is defined by its reduced ordinate _ which,

in turn, can be determined by writing the relations of the laws of the conserva-

tion of mass.

Denoting by q the mass flow en%ering the dead-_ater zone p_r unit en- /5

closure, by i the momentu_ supplied by this inje,'-ticn.,ana bv b"_ th_ thickness

of momentum of the initial boundary layer, then the laws of conservation p_N_it

calculating 1_, at the abscissa s, by means of the relation

,.,.,.

Carrie, re (Bibl.3) defined a generalized inJect_,n coe.eficient, by _,-,':,',_

q "
Cq S"= ------ O)a S -_ *

E'4u.4s E'4_I

If q, i, and 6_'_are moderate, their influence on the shape of the velocity

profiles is regligib]e. These profiles can then be represented, to within one

translation, by eq.(1) which, _u princip3e, is uniquely valid for an isobaric

mixing zone without initial boundary layer and at zero velocity in the dead

water or wake.

If, in addition, we postulate a hypothesis on the law of evolution, as

6
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function of _, of the total temperature throughout the mi-ing zone (turbulent

Prandtl number equal to l), then eq.(2) can be solved so that _ can be calcu-

lated. The result has t;L_r_ _ •..-_owing form:

where Ti_ denotes the base temperature of the primary supersonic l'low,while Ti,

is the temperature of the wake.

Taking eqs.(i) and (h) _nto consideration, the angular _-e-attachmentcri-

terion is written as

z

_: _ (M,,.._&,_.,_,,cq). (5)a :.

If C, is sufficiently small, which generally is the case, eq.(5) can be

written in the following linearized form:

' T_j' ,%, X)Cq. (s_
In this form, the angle of re-attachment _o is obtained, corresponding to

bhe nonperturbed ideal case, i.e., in the absence of any mass injection effect

or boundary layer; the relation also furnishes the gradient k = 87/8Cq which

characterizes the mass injection effect and the perturbing effects of the mo-

mentum and the _litial boundary layer.
/

The functions ¥o and k are readily obtained by making use of the cri- /6

terion proposed by H.H.Korst and D.R.Chapman. This criterion postulates that

the generating pressure along the border line, at the instant at which tals llne

approaches the re-attachment point, must be equal to the static pressure after

re-attachment. This condition is directly obtained in the form of an angular

relation _ = I,_ (Mt, _| ),

?

i
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However, practica_ experience has demonstrated that the use of this cri-

terion leads to secondary- pressure levels that are distinctly higher than the

measured values. Conversely, the relative press1_e variation, due to an injec-

tion effect, is accurately predicted.

Returning to eq.(6), it seems t_hat the law of re-attac.hment at zero blast,

obtained from the Chapman-Korst criterion, is incorrect.

Under these conditions it is preferable to use practical experiments for

defining an empirical law of re-attachment ¥0 which, when substituted for the

theoretical law, eliminates the quantitative discrepancy of the theory.

A basic study conducted at the (_E_A (Bibl.5) made it possible to establish

such a law for the case of a jet of revolution, becoming re-attached to a coaxi-

al cylindrical wall with a configuration close to that of an ejector because of

the low aperture angle of conventional divergent sections.

The resultant law of angles, which corresponds to the case Ti" - 1 and

TIj
Y = 1._, is plotted in Fig.5. The diagram also gives the evolution of ¥o, de-

rived from the Chapman-Korst criterion. There is a considerable deviation be-

tween the two curves, corresponding to a fictive mass injection effect, charac-

terized by a practically constant Cq equal to 0.005. Therefore, in practical

application, one can use the C.hapman-Korst criterion and then correct the ob-

tained values of Cq by adding 0.005.

This correction, rigorously valid for 7 = I._ and Ti /Ti --l, represents, J

only an appr_ :_tmation when the state and type of the gases used result in dif-

ferent values of these parameters, because of the lack of sufficiently accurate

and extensive empirical data.

When this is the case, then the relation

8
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T_, ), ( I'14, T_T-Ti' 0.00s),
where ¥o and X were calculated according to the discharge hypothesis by Korst,

together with the equation expressing the eonsemzation of energy in the wake

Ti.j '

permit a _omplete solution of the problem of re-attachment (determinationof Cq

and TI,/TIj for a given MI).

Hovever, at the present state of the art, these relations merely are an /7

approximation and only permit an estimate of the qualitative effects due to

various influence factors.

3.2 Practical Method of Calculation; Comparison with Experiment

The calculation of thrust and discharge of an ejector is performed in two

steps.

In the first step, the nonviscous primary supersonic flow is computed.

This calculation permits determining the shape of the isobaric boundary of the

free jet as well as the pressure distribution along the wall of the divergent

section, from which the nozzle thrust coefficient can be derived.

The supersonic flow is calculated by the method of characteristics. This

calculation includes the determination of the shock wave, shed from the re-

attachment point. The initial data comprise: the last characteristicof the

actual influence domain of the primary nozzle, the secondary pressure level,

and the geometry of the divergent section. This computation was programed on

IBM 70!$and IBM 70_0 computers. The computationallows for the variations in

the specific heat ratio as a function of the temperature and for the composition

9
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of the air-kero3ene combustion gases. Figure 6, as a typical exmmple, giveJ

the characteristic curves obtained for a nozzle with a conical divergent section

and a ratio of Pl,/P1_ equal to O.131.

In the second step of the calculation, the viscosity effects are superim-

posed on the ideal gas flow. This permits determlning the secondary mass flow,

entrained by the primary jet. The calculation is based on considerations de-

veloped in the preceding Section.

If the isobaric _Jundary of the nonviscous jet is known, the border line

can be localized by c_.iculating its reduced ordinate _&. The intersection of

the border line with the wall is the point of theoretical re-attachment. This

point is projected onto the boundary (f) of the nonviscous jet, in accordance

with the mean normal to the two curves (see Fig._). The local direction of the

velocity in the undisturbed flow directly yields the value of the angle of re-

attachx,ent Y.

If the two existing streams are of the same type and have the same base

temperatures, eq.(6) will permit calculating the generalized injection coeffi-

cient C_ which, after correction for the effects of the initial boundary layer

and the momentum, yields the injection coefficient q/e1_is where s is the length

of the isobaric boundary comprised between the separation point and the re-

attachment point R [this calculation method is explained elsewhere (Bibl.6)].

Figure 7 gives a comparison of theoretical and experimental results on the

discharge performance at low secondary flow rate, for a cylindrical ejector with

a s_ightly conical primary nozzle (exit Mach number, close to 1.&). The fluid

used is air at ambient temperature (case of T1s/Ttj, V = 1.&).

Th_ calculation of the entrained mass flow was performed by using the

empirical law of re-attachment shown in Fig. 5. Allowance has been made for the

i0
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effects of the initial boundary _ayer and of the momentum.

These results show satisfactory agreement between the modified theory and

practical experiments for injection rates as high as O.O&, which closely corre-

sponds to the limit of discharge potentiality by isobaric mixing. For higher

injection rates, the primary jet no longer re-attaches to the wail of the di-

vergent section, and the second operating regi_.e in which the two streams main-

tain their individuality will become established.

The curves plotted in Fig.8 demonstrate, as a typical example, the influ-

ence on the theoretical results when allowing for the effects of the initial

boundary layer and of th_ momentum. The significance of the initial boundary

layer effect is especially high when th_ injection rate is low; the diagram

also shows the increasing influence of the effect of momentum when the secondary

mass flow rate increases.

The use of the generalized injection r_e_ficient Cq, defined in Section 3.1,

makes it possible to a_low for these effects in a simple and highly accurate

manner, at least so long as these effects are moderate.

3.3 Pressure Distribution alon_ the Wall of the
Divergent -Section and Thrust Coefficient

The calculation of the flow in a perfect fluid, using the method of ck_rac-

teristicc, leads to a pressure distribution along the wall of the divergent

section, presenting a discontinuity at the point of impact of the isobaric

boundary of the Jet.

In factp this calculation assumes that the recompression of the primary

flow, at the level of re-attachment, takes place over an attached oblique shock

wave. In reality, this recompression is progressive, and the line of the Jet

iI
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is isobaric on]y over a iraction of its theoretical length.

Figure 9 £ives a comparison between the theoretical and experimental dis-

tributions, f_r the case of a cylindrical return w_ll.

F_xcept in the zone of re-attachment, the theoretical curve agrees well with

practical ex}_riments, and in the case of diverging nozzles the error committed

in evaluating the thrust coefficient from the calculated distributions is mini-

ma].

&. Nozzle Performance Calculation for High Secondary Mass Flow Rate

Assuming that the base conditions of the primary stream and the geometry

of the douole-stream nozzle are known, it is desired to determine the d_sch_rge

perforn_nce and the thrust coefficient for the case - generally present in

cruising flight of a supersonic transport - in which the secondary flow is

blocked because of the fact that sonic velocity has been reached in a certain

portion of the divergent part.

&.l Model of the Calculus Used /9

As a general rule, when the secondary mass flow rate of a fully started

ejector, operating in the supersonic regime, is sufficiently large, the phe-

nomena of viscous interaction are limited to a narrow region which, on the one

hand, comprises the boundary layer established at the wall of the divergent

section and, on the other hand, the nonisobaric mixing zone that develops at

the interface of the two flows.

Since both are subject to the favorable i,_luence of a negative pressure

gradient, these "viscous layers" are relatively thin so that it is logical, in

first approximation, to neglect their effect; each of the two streams then main-

12
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talus its individuality and obeys the laws of flow of nonviscous perfect f]uids.

From this viewpoint, a simplified calculation model has been proposed inde-

pendently by P.CarriBre (Bibl.7)and by H.H.Korst, W.L.Chow, and A.L.Addy

(Bibl.8, 9). This model is based on the following simplifying hypotheses, sub-

stantiated by practical expe_riments:

The mixing layer is assimilated at a velocity discontinuity surface,

on either side of which the pressures are eqlml.

The secondary stream is one-dimensional and isentropic; this stream

behaves as a sectional flow, each section constituting the area com-

prised between the moving point (d) of the common interface (f) and

the wall of the divergent section, normal to the mean direction (see

Fig.lO).

The supersonic primary stream.(i) can be defined by the method of

characteristics,since the pressure prevailing at (d) and equal to

that of the secondary stream (2) is imposed by the condition of coex-

istence of the two flows in the divergent section.

The calculation procedure is described below, taking as example the classi-

cal double-stream device shown in Fig.lO, operating at an expansion rate such

that the flow (i) is entirely supersonic in the divergent section.

For a given value p% of the secondary inlet pressure, let us define a

secondary Math number Mo,. This reduces to fixing a value for the secondary
;m

stream, which we will characterizeby the coefficient _ = Q__2_'_/_____.
Q_ ,_

The expansion of the primary flow in C is determined by the condition of

pressure equality Po: = Po, directly downstream of C. From this, the network

of drooping characteristics (_), forming the expansion surface issuing from C,

can be oonstructed.

13
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Determination of the point (d), infinitely close to C along the interface

(f) of the two flows, is obtained in the following manner: The intersection of

the tangent to (f) in C, with the rising characteristic emerging from (c') close

to C on the last characteristic of the expansion surface, will yield a first

approximation (d').

Knowing (d'), the area At, available to the secondary stream can be derived,

yielding the ratio

A4, :
Z(.o,)

which d_fines the secondary Mach number MI as well as Pl, = Pij in (d').

The characteristic relation, written between (c') and (d'), will then per-

mit determining the direction of the velocity in (d').

The calculation is resumed this time by comparing the interface (f), not

to its tangent in C, but to a straight line whose direction is the mean between

those of the tangents in C and (d'). This process is repeated until the results

converge.

Knowing (d), the characteristic (_d) is determined step by step; again

using the above method, the qtmmtity (d') and thus also the complete definition

of (f) will be obtained.

If the ejector has not been started, the ewlution of the secondary flow

will be entirely subsonic in the divergent section, since the _ch number at

the exit reaches a maximum value of less than 1. In this case, the calculation

presents no difficulty.

However, it should be mentioned that th" corresponding ,egime is physically

acceptable only if the pressure reached by the secondary flow at the exit is

equal to the ambient pressure.

i
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In the practical cases considered here, this possibility is excluded.

Investigationson the supersonic regime of the ejector at Po are conducted

by successive tests. A priori, decreasing values of the Mach nt_b_r Mo are
$

selected until the blocking conditions are satisfied, i.e., until the cross

section where the secondary flow becomes sonic coincides with the minimum cross

section offered to the secondary stream by the primary flow.

The method to be described below requires high-capacity electronic com-

puters for its practical application.

The programing _s made on an IBM 70_O computer by the SNECMA (Bibl.lO),

with the following simplifications:

a) The Mach number Mo•, correspondingto the critical conditions, is

determined as soon as the difference between two successive itera-

tions is below 10-3 .

b) In the region in which the induced stream is transonic (0.95 < M <

< 1.05), the cross section available to the secondary stream is

practically stationary. The pressure condition is then replaced by

a wall condition at the boundary of the primary jet, obtained by

assuming that the primary stream is flowing within a fictivc nozzle

whose cross section, in a given plane, is equal to the cross section

of the ejector, reduced by the a priori fixed secondary critical /ll

cross section. The local development of the pressure p of the pri-

mary stream in this domain furnishes the Mach number distribution

of the secondary flow, from the following isentropic relation:

f(P/Pis).

Figure Ii, as a typical e_mple, gives the pattern of the flow in-

15
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side a nozzle with conical divergent section, for a secondary in-

jection rate _ - Q' _/ '1"I_ equal to 0.07.
Qj Ti

&.2 Effect of Entrainment due to Mixin_

In a general manner, the turbulent mixing produced at the interface of the

two streams leads to a displacement of the streamline separating these two

streams, relative to the nonviscous theoretical boundar-j. The _oss in momentum,

suffered by the flow (i), leads to a gain of the same extent for the stream (2).

This shift or dispJ_cement is negligible so long as the thickness of the

mixing zone is small with respect to the transverse extent of the two streams

(which is the case when _ is higher than 0.i).

Conversely, as soon as _ diminishes, the entrainment effect of the second-

ary stream by the prim_j flow must be taken into consideration.

The method suggested by W.L.Chow and A.L.Addy gives a satisfactory solution

of this problem and has the additional advantage of entering only in the form

of a correction to be made on the results obtained by assuming nonviscous

fluids.

Making use of simplified solutions of the equations of motion, derived for

the case of an isobaric mixing of the two flows having different velocities ul

and u2 (u_ > u_), the above authors - by analogy with the treatment of boLmdary

layers - d_fine a "displacement thickness" 6" which represents the effect of

entrainment.

The quantity 6* is calculated in reduced variables and can be represented

by a relation of the form

6
'"--" _ 4AL

16

1966007288-019



In this expression, o is a mixing parameter, given by a semi-empirical re-

lation of the type of

= (M,, .

Equation (8), applied to the critical point (Mcs = i) and calculated for

a perfect fluid, leads to a corrective term for the entrained mass f_ow, which

is expressed in the form of

_ 2TTR _"AQ.___SS= .... ,
Qs Acs

where R is a mean value of the distance between the axis and the mixing zone, /12

at the level of the critical cross section.

The curves of theoretical discharge performance, plotted in Fig.12, indi-

cate the significanceof allowing for viscosity effects. It will be found that

the relative error, committed by neglecting the mass flow entrained by the

viscolm mixing, is always small and becomes practically negligible as soon as

exceeds 10%.

Under these conditions, it is likely that the calculation of gaseous flows

whose type and temperature differ greatly presents no major difficulty, since

the effects due to turbulent transport are rather insignificant and can be

rgughly estimated.

_.3 Com_a_rispnof Theoretical Results with Experiments

Numerous experiments, made _ith the purpose of defining the ejector of a

supersonic transport, have made it possible to test the validity of the various

theoretical methods developed. As an illustrative example, we will discuss

some of the comparisons of theory and experiment, obtained from these tests.

A?_ results given here correspond to the case Tt_ = Ti,, Y = I.A. Later in the

17
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text, we will give a brief summary of the influence of any variation in V.

Figure 13 gives a comparison between the pressure distributions at the wall

of the divergent section, obtained by calculationand experiment. The geometry

of the ejector is schematically sketched in the upper portion of the diagram.

This arrangement comprises a primary ejector with a sonic throat and a truncated-

cone return wall, having a divergence angle of 9.5° . The ratio of the throat

cross section to the initial cross section of the divergent portion is 1.8.

The pressure distributions are represented by two different values of the

secondary injection rate: in one case, _ = 0.05 and, in the other case, _ = 0o!

both of which represent measured values; the calculated values are equal to

O.OA6 and O.103, respectively.

The agreement between theory and experiment can be considered highly satis-

factory. The computational program developed here - as proved by these results -

covers entirely arbitrary shapes of the divergent section, inclt_lingabrupt and

extensive cross-sectionalvariations.

Figure I_ gives a comparison of theory and experiment, with respect to the

overall performance of an ejector of this type. Figure I_ gives the develop-

ment of the thrust coefficient CT as a function of the secondary injection rate.

The thrust coefficient is defined as the ratio of the gross thrust of the nozzle

to the ideal gross thrust of the pr_mary Jet; this ideal thrust was calculated

by assuming that the primary Jet expands isentropically from a base pressure ;_j

to a pressure at infinity downstream p_.

It can be stated that the agreement between theory and experiment is /13

excellent for injection rates _ above 0.02. For rates lees t_n this value,

the agreement is less good. The apparently anomalous slope of the theoretical

curve probably can be attributed to the fact tha_ the re-attachment of the pri-
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mary jet takes place at the level of the wall discontinuity, defining the ex-

tremity of the secondary injection bleed.

An investigation of this specific case will be the subject matter of a

later publication.

Figure _b represents the discharge performancecurve of the nozzle. The

ordinate gives the ratio of the secondary base pressure to the base pressure;of

the primary jet. The agreement between theory and experiment can be considered

satisfactory for values of _ above 0.02. For values of _ below 0.02: t_e theo-

retical ctu_ve,for the same reason, shows the same anomalous slope as the curve

for the thrust coefficient.

_._ Influence of V on the Theoretical Performance of an Ejector
/

In practical application, the primaI_ jet usually consists of air-kerosene

combustion gases. Because of tneir high base temperature,and their chemical

composition, these gases have a specific heat ratio differing from I._. There-

fore, it is important to define the influence of V on the performance of an

ejector, if the results from wind-tm_nel tests, which usually are performed with

air of a temperature close to the ambient, are to be extrapolated to real condi-

tions.

Figure 15 shows the influence of V on the thrust and discharge performance

of an ejector. The curves were calculated for t_o values of V_, namely, l.h

and 1.335. In a general manner, for the same secondary injection rate, the

thrust coefficient and the secondary base pressure are higher the lower the

ratio of specific heat of the primary Jet becomes. This effect is primarily

due to the influence of y on the configuratio.:of the boundary of the primary

Jet. In fact, other conditions being equal, the volume occupied by the primary
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jet increaseswith decreasing ¥. Because of this, the cross section of the

passage availableto the secondary stream is restricted, so that also the dis-

ckmr_e rate wi!] reduce. Consequently, if equal discharge rate is to be main-

tained, the secondarybase pressure must be increased. This will lead to a

gene_ul rise of the pressure level at the wall of the divergent section, leading

to an _ncrease in the nozzle thrust coefficient.

5- Conclusions

Recent progressmade in the theory of supersonic ejectors will permit an

accurate predictionof the performanceof thrust and discharge of double-stream

nozzles in their entire operating domain.

If the secondarymass flow is low _ < 0.0_), the primary jet will become

re-attachedto the wall of the return passage. The discharge of the secondary

-_treamthen takes place exclusively by viscous entrainment along the isobaric

boundary of the primary flow. In this case, the calculation of the exit mass

flow rate will have to be based on the turbulent re-attachment theory developed

bv H.H.Korst,modified by the introductionof an empirical law of re-attachment.

The use of a generalizeddischarge coefficient also permits allowing for the ___

effect of the momenttwnproduced by the secondary injection, as well as for the

effect of the initialboundary layer o£ the primary jet.

I£ the secondarymass flow rate is high, the t_o streams will retain their

individuality. The flows are then calculated by assuming perfect fluids: The

primary Jet is determined by the method of characteristics,and the secondary

stream is calculated on the hypothesis of a one-dimensional flow.

The uniquenessof the solution is ensured by the condition of blocking of

the secondaryflow. A corrective term is then estimated, by which the mass
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flow, entrained by viscous mixing along the nonisobaric interface of the two

florin, can be taken into consideration.

The agreement between theoretical and experimental results can be consid-

ered absolutely satisfactory in the case in which the two flows are constituted

by air, at a base temperature close to the ambient value.

With respect to the influence o1"the temperature and the type of gas, the

following statements can be made:

In the case of low secondary ross flow rates, the theoretical scheme pro-

posed by Korst can be considerec as being qualitatively valid, permitting an

estimate of the variations in secondary base pressure due to the effects of in-

jection and initial boundary layer. However, the lack of accurate data as to

the influence of V and of the temperature on the empirical law of re-attachment,

introduced for correct_ug Korst's theory, does not yet permit an absolute as-

surance that the estimate of the secondary pressure levels is quantitatively

correct. The (REE% has scheduled a study of this particular subject.

In the case of high secondary mass flow rates, the influence of these

factors on the development of the mixing zone, separating the two streams, is

relatively insignificant in making estimates of the nozzle performance. Such

an estimate can be made, without the risk of excessive errors, by using the

method suggested elsewhere (Bib] .8). The basic principle of these effects must

be taken into consideration in any calculation based on perfect fluids; this

presents no difficulty for the usually encountered temperature levels.

NOTAT_D'_S /]5

S.vmbols

M = Mach number
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p = pressure

= specific .mass

T = absolute temperature

y = ratio of specific heats

u = ].ongitudinal velocity component

q = unit mass flow (per unit enclosure)

Q = mass flow rate

= secondary injection rate _ - Q' 'j
Qj T,J

i = momentum

6"* = momentum thickness of the initial boundary layer

u
= reduced velocity: _ = --

ul

Cq = generalized injection coefficient

o = mixing parameter

y, s = intrinsic coordinates fixed with respect to the velocity

- profile

= reduced ordinate: _ = o Y--8

Y = re-attachment angle

A
E = isentropic cross-sectional ratio: _. _

A=

Subs_criots

i = base conditions

i = conditions at the boundary of the supersonic Jet

s = secondary flow

j = primary Jet

c = critical conditions

¢ = conditions along the border line
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Fig.2 Low Secondary Mass Rate of Flow
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Fig.3 High Secondary Mass Rate of Flow
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